. As system is the main chemical sensory modality that recincreasing concentrations of amiloride are applied to ognizes NaCl and other salts. This sensory system gustatory organs, the effect on other transporters beallows animals to detect and ingest salt, to discriminate comes a greater confounding factor. Thus, using amilorbetween different salts, and to avoid high salt concenide-sensitivity as the criterion for assigning a molecular trations. Although recent work has identified receptors mechanism could be misleading. In addition, amiloridethat detect sweet and bitter substances, our underinsensitive mechanisms, including Na 
quired, raising questions about the responsible mechaproteins and PPK and RPK are shown in Figure 1 . The M2 region was highly conserved (shaded gray), includnisms. In larvae, gustation depends on the terminal organ, which sits at the front of the larval head. The ing the absolute conservation of a G-X-S sequence that is thought to contribute to the channel pore (Kellenterminal organ contains 30 to 40 taste receptor cells in a structure that shows morphologic similarity to the berger et al., 1999). Fourteen cysteines (numbered Cl to Cl4) with relatively preserved spacing were present in mammalian taste bud (Python and Stocker, 2002) . In adults, gustatory organs are present at many sites, inthe large extracellular domain. In addition, nearly all of the PPK proteins showed conservation of some secluding taste bristles located on the labelum of the proboscis, on the tarsal segment of the leg, on the surface quences observed in other DEG/ENaC subunits, including an T/S-X-h-H-G (where "h" indicates a hydrophobic of the mouth and within the pharynx, on the wing margins, and on the ovipositor (Stocker, 1994) . When a fly residue) sequence preceding M1, an F-P-h-h-T-h-C sequence following M1, and a G-X-C-X-X-F-N sequence steps on a food source, taste bristles on the legs contact the food. If an attractive signal is detected, the fly exat C4. Other conserved sequences identified by a CLUS-TALW alignment are highlighted in Figure 1 . As with tends the proboscis to further examine the food source. If a positive signal registers, the fly opens the labelar other DEG/ENaC members, all the proteins contained numerous consensus sequences for N-linked glycosylalobes exposing taste papillae on the surface of the mouth. Appropriate stimulation of the papillae results tion in the extracellular domain (blue underlined). Other than the T/S-X-h-H-G sequence, the intracellular N and in ingestion (Dethier, 1976; Pollack and Balakrishnan, 1997) . Taste hairs on the wing may be used during pas-C termini were minimally conserved. The N termini was predicted to vary in length from 32 residues in PPK13 sage through narrow spaces, and on the ovipositor they may be used in selecting sites for depositing eggs (Polto 126 residues in PPK11. Likewise, the C terminus was predicted to vary in length from an estimated 9 residues lack and Balakrishnan, 1997; Singh, 1997) .
Drosophila were also of interest as a model system in PPK16 to 93 residues in PPK28. In the C terminus of ENaC subunits, disruption of a P-P-P-X-Y-X-X-L motif because a large number of DEG/ENaC genes have been predicted from the Drosophila genome (Littleton and that binds W-W domain proteins causes the genetic disease Liddle's syndrome Snyder et Ganetzky, 2000) . In this work, we tested the hypothesis that DEG/ENaC genes contribute to salt taste. al., 1995). Interestingly, PPK28 had this same C-terminal sequence (pink). We identified splice variants in three PPK genes including PPK4, PPK23, and PPK28; the Results sequence (green and underlined) was missing from some transcripts.
Identification of Drosophila PPK Genes
We searched the Drosophila genomic sequence data-A specific residue that lies just N-terminal to M2, the "Deg residue" (Figure 1) Figures 3K-3M ). These PPK gene promoters were also differentially ex-PPK7, PPK10, PPK13, PPK14, and PPK23 contain a Val which has a bulky side chain at this site.
pressed in other regions (data not shown). Neither the ppk4 nor the ppk28 promoters drove eGFP expression To examine the relationship between the various PPK genes and their relationship to several other DEG/ENaC in the terminal organ. However, consistent with the in situ hybridization, the ppk4 promoter drove eGFP exfamily members, we constructed a phylogenetic tree (Figure 2) . The Drosophila members appear to be more pression in the tracheal system and in ventral pits ( Figure  3N ). The ppk28 promoter drove eGFP expression preclosely related to each other than to DEG/ENaC channels from other species. Thus, Drosophila PPK genes dominantly in the ventral pits ( Figure 3O ). Because neither in situ hybridization nor promoter-driven eGFP exmay form a distinct subfamily. PPK proteins with adjacent chromosomal locations were more similar to each pression showed ppk4 or ppk28 expression in the terminal organ, we used them as negative controls in other than to other PPK proteins (Figure 2 and Table 1 contains two to five neurons: one is a mechanosensory To determine if PPK genes are expressed in the termineuron, and the remainder (one to four) are chemosennal organ, we examined their expression pattern using sory neurons. The dendrites of chemosensory neurons in situ hybridization of whole-mount embryos. We deextend deep into the hair lumen to lie close to the open tected ppk11 expression in three neurons of the terminal pore, whereas the dendrites of mechanosensory neuorgan and ppk19 in at least one terminal organ neuron rons remain at the base of the hair. (Figures 3A and 3C ). We also found ppk11 expressed The ppk11 promoter drove eGFP expression in some in the ventral pits and the tracheal system ( Figure 3A ( Figures 3Q and 3R ) taste bristles on the labelum of the and Liu et al., 2003). Neither ppk4 nor ppk28 was exproboscis. For comparison, Figure 3P shows expression pressed in the terminal organ ( Figures 3D and 3E) . driven by the elav neuronal promoter. ppk11 was usually To further determine whether ppk11 and ppk19 were expressed in two to four neurons per bristle, and the expressed in the terminal organ, we used the Gal4/UAS dendrites extended out toward the tip of the bristle (Figsystem to drive eGFP expression. As a control, we used ure 3R). Because each taste bristle has only one mechathe panneuronal promoter elav; in elav ϫ eGFP transnosensory neuron, expression of ppk11 in more than genics, both the terminal organ and dorsal organ were one neuron suggests that it is expressed in at least readily visualized ( Figure 3F ). The ppk11 promoter drove some of the chemosensory neurons, suggesting a role expression in the larval terminal organ (Figures 3G-3I) .
in gustation. We also found the ppk11 promoter exConfocal microscopy of third instar larvae revealed expressed in what are probably internal taste organ neupression in three terminal organ neurons; Figure 3H rons ( Figure 3U ) and ppk13 ( Figure 3V ) but not pits suggests that the 2 kb ppk11 promoter may be a ppk19 ( Figure 3T ) were expressed in hairs on the tarsi of weak or incomplete promoter. Moreover, with the ppk11 the leg. In addition, the hairs in the wing margin showed promoter, eGFP expression was not detected until the expression of both ppk11 and ppk19 (Figures 3W late first or early second instar larval stage. The ppk19 and 3X). promoter was also expressed in three neurons in the terminal organ ( Figure 3J ). Thus, both in situ hybridization and promoter-driven eGFP expression placed Disruption of the Behavioral Response to Salt with a Dominant-Negative PPK Construct ppk11 and ppk19 expression in the terminal organ.
Even though we detected no transcripts by in situ To test the hypothesis that PPK genes function in salt taste, we generated dominant-negative constructs for hybridization, we found that the promoters for three additional PPK genes produced eGFP expression in the PPK11 and PPK19 (PPK11 DN and PPK19
DN
) that encode the N-terminal and the first predicted transmembrane terminal organ. We detected activity from the ppk6 pro-water ( Figure 5A ). When crossed with a panneuronal driver elav, two independent ppk11 DN lines failed to distinguish 10 mM NaCl and water.
Because the elav driver generates expression in all neurons, we could not exclude the possibility that defective salt taste in elav ϫ ppk11 DN was due to an effect in the central nervous system. For example, in shaker K ϩ channel mutants, defective salt-taste behavior resulted from a central rather than a peripheral nervous system defect (Balakrishnan and Rodrigues, 1991). Therefore, we drove ppk11 DN expression with the GH86 promoter, which drives expression in the dorsal and terminal organs; it also drives expression in the epidermis, enocytes, and pharyngeal muscle (Heimbeck et al., 1999). We found defective salt taste in GH86 ϫ ppk11.24 DN larvae ( Figure 5B ). Because the GH86 driver is located on the X chromosome, males should produce approximately twice as much Gal4 as females. Thus, in a GH86 ϫ . We examined the effect on ppk11 mRNA levels using real-time, quantitative RTseen. Following translation, it is probably rapidly degraded, thereby accounting for its ability to reduce levels PCR from third instar larvae. Because ppk11 is expressed not only in neurons but also in the tracheal of PPK11.
To assess salt-taste behavior, third instar larvae were system, the fat body, and other cells, we tested two promoters to drive ppk11 dsRNA expression in these tisplaced in the middle of a petri dish in which half the surface contained agar prepared with water and half sues: the ppk11 promoter and the heat shock promoter. Table 2 shows that the ppk11 ϫ ppk11 dsRNA.6 cross recontained agar prepared with 10 mM NaCl. Consistent with earlier reports (Heimbeck et al., 1999; Miyakawa, duced ppk11 transcripts slightly but not to a statistically significant extent, consistent with the conclusion that it 1981; Miyakawa, 1982), wild-type larvae (genotypes elav-Gal4, UAS-ppk11.24 DN ) preferred 10 mM NaCl to is a relatively weak promoter. In contrast, the HS ϫ Figure 6A ). Consistent with but not food, we placed adults in a chamber and meathis conclusion, wild-type larvae preferred 10 mM KCl sured the percentage that consumed water during a to water and to 10 mM NaCl; these preferences were 1.5-2 hr test period. Figure 6D shows that there was no disrupted in elav ϫ ppk11.24 DN larvae. We tested several difference between the tested genotypes. Including 300 other taste and olfactory chemicals and found that wildmM NaCl in the water markedly reduced the percentage type and elav ϫ ppk11 DN larvae showed similar reof wild-type and elav ϫ ppk28 DN control animals that sponses to acid (pH 3), butanol, and propionic acid. consumed liquid. However, disrupting PPK11 or PPK19 These results suggest that the defect in response to salt (elav ϫ ppk19 RNA , elav ϫ ppk11 RNA and ppk11.24 DN ) reis not a generalized, nonspecific effect of the dominantduced the percentage of animals that rejected the salt negative construct. solution ( Figure 6D ). elav ϫ ppk19 DN adults showed no defect in this assay (data not shown); perhaps the dominant-negative construct is less effective than the Effect of Disrupting PPK11 and PPK19 ppk19 dsRNA in these animals (for example, see Figure 5D on the Response to High Salt in larvae). Thus, in both larvae and adults, PPK11 and Concentrations in Larvae PPK19 contribute to the behavioral response to salt. Low salt concentrations attract mammals, whereas high salt concentrations are repulsive (Denton, 1982) . In electrophysiological studies, low salt concentrations stimuElectrophysiologic Response to Low Salt We used a previously reported method for extracellular late narrow spectrum "salt-best" taste receptor cells, whereas high salt concentrations stimulate broad specrecording of terminal organ nerve activity (Opplinger et al., 2000) . To test the electrophysiologic response of the trum taste receptor cells that also respond to other agents, including bitter-tasting chemicals (Contreras terminal organ, we placed a glass electrode over the terminal or dorsal organ, thereby both applying the salt and Lundy, 2000). Thus, it is likely that detection of high salt concentrations involves additional pathways. To desolution and establishing the connection for extracellular recording. The dorsal organ showed no response to termine the contribution of PPK11 to the detection of high salt concentrations, we examined the response to salt application ( Figure 7A ). The wild-type terminal organ responded to 10 mM KCl application with action potena range of NaCl concentrations ( Figure 6B ). Despite a disruption in the preference for 10 and 200 mM NaCl, tials. In elav ϫ ppk11.24 DN and elav ϫ ppk11 dsRNA.6 larvae, the spike frequencies were reduced by 30%-40% (Figlarvae expressing the ppk11 DN construct rejected NaCl at concentrations of 500 and 1000 mM. elav ϫ ppk19 DN ure 7B); the differences were most prominent during the first 5 s after salt stimulation. In the behavioral assay, showed a similar rejection of 500 mM NaCl (preference index, Ϫ0.41 Ϯ 0.07, n ϭ 101). These results suggest larvae discriminated between 10 mM KCl and 10 mM NaCl ( Figure 6A ). Electrophysiologic recordings also dethat additional mechanisms contribute to the detection of high salt concentrations. Consistent with this conclutected a difference between these salts; during the first second after a salt stimulus was applied to the terminal sion, we noted that when larvae crawled onto the surface of agarose containing high salt, they often twisted their organ, 10 mM NaCl elicited 39 Ϯ 2 spikes/s (n ϭ 7) compared to 49 Ϯ 2 spikes/s for 10 mM KCl (n ϭ 9, p Ͻ bodies vigorously, a behavioral pattern similar to that associated with painful stimuli. Tompkins, 1990), we also examined its effect. ConsisWe also detected larval terminal organ expression of ppk6, ppk10, and ppk13 based on the pattern of reporter tent with the previous report, we found that 5 mM amilorgene expression. In the adult, the ppk11 promoter drove ide attenuated the larval preference for 10 mM NaCl expression in the taste bristles of the labelum, which ( Figure 8A ). When we tested the electrophysiologic remediate the gustatory response to salt (Pollack and Basponse, 5 mM but not 1 mM amiloride reduced the spike lakrishnan, 1997; Singh, 1997). Moreover, ppk11, ppk19, frequency response to 10 mM NaCl by about 40% (Figand ppk13 were expressed in peripheral locations preure 8B). These results are consistent with the ability of viously implicated in adult gustation, including hairs on amiloride to inhibit some DEG/ENaC channels. However, the legs, the tarsi, and the wing margins. Both the larval the high concentration required may reflect limited senterminal organ and the adult labelum taste bristles consitivity of PPK channels. sist of bipolar taste receptor neurons surrounded by supporting cells; this arrangement forms a specialized Discussion structure containing a pore at its tip (Singh, 1997 In an attempt to generate was not responsible. Thus, the localization and the funccurrents, we expressed wild-type PPK11, PPK11 with a tional data suggest that PPK11 and PPK19 play an imDeg mutation (G456V), and PPK11 together with several portant role in detecting low salt concentrations.
0.01). Because amiloride can inhibit some DEG/ENaC chan-
other PPK subunits (including some PPK subunits conThe response to high salt concentrations was more taining a Val at the Deg position) in Xenopus oocytes complex. Earlier studies suggested that detection of low (data not shown). However, we observed no current. These and high salt concentrations involve different receptor results are consistent with results obtained with many cells (Contreras and Lundy, 2000; Denton, 1982) . We other DEG/ENaC subunits. For example, heterologous exfound that larvae with disrupted PPK11 or PPK19 funcpression of ␣, ␤, and ␥ENaC generates constitutively active tion lost the preference for low salt concentrations but channels, whereas expression of ␤ and/or ␥ENaC produce retained the aversive response to high salt concentrano current, and expression of ␣ENaC alone generates only tions. However, disrupting PPK19 function in larvae very small currents ( ). In brief, third instar larvae picked from the medium and antisense probes were synthesized using a Digoxigenin-labeling kit (Roche Molecular Biochemicals, Indianapolis, IN).
were washed and immediately placed in the middle of a petri dish covered with 1% agarose. Studies were done at room temperature (21ЊC-25ЊC). In the taste-behavior assay, the various chemicals were Generation of Transgenic Fly Lines mixed into the 1% agarose, and each half of the dish contained a yw 67C23 or w 1118 strains were used for transgenic injections. P elementdifferent chemical. For example, one half might contain 10 mM NaCl mediated transformation and subsequent fly crossings were perand the other half 10 mM KCl. In the olfactory-behavior assay, small formed following standard techniques (Rubin et al., 1985) . Promoterfilter papers contained odorant solutions or water were placed at Gal4 transgenes were generated from a Gal4 PTGAL vector ( Adult Behavioral Assay varying from 0.6 to 9 kb were expressed in taste-sensing organs.
We used a modified chemical consumption assay (Ford and TompThe transgenic ppk11 promoter lines were crossed with UAS-eGFP.
kins, 1985). In brief, 30 to 100 2-to 4-day-old adults were placed Second and third instar larvae were mounted on glass slides and in a vial for 18-20 hr in the absence of food but with water-saturated examined using confocal microscopy.
cotton. Flies were then moved to the bottom of a cell culture dish For some studies, we used the elav-Gal4 line that drives expres-(60 mm ϫ 15 mm). Drops of the test solutions containing green food sion in all neurons. For expression in the terminal organ we used dye (three drops per 10 ml) were placed on the cover of the dish. the GH86-Gal4 line (a gift of Dr. Gertrud Heimbeck). We refer to After 1.5-2 hr, we determined the percentage of animals that concrosses between two lines that drive gene expression with the Gal4-sumed the test solution by counting flies with a green abdomen. All UAS system by referring to the promoter and the expressed transdata in the manuscript represents the mean Ϯ SEM. genes. For example, a cross between an elav-Gal4 line and an UASeGFP line is referred to as elav ϫ eGFP.
Electrophysiological Recording To generate dominant-negative constructs for PPK4, PPK11, We used an extracellular recording technique for third instar larvae PPK19, and PPK28, a cDNA sequence coding for the N-terminal as described previously with some modification (Opplinger et al., 105, 204, 110, and 166 amino acids were cloned into the pUAST 2000). Larvae were tied to a metal rod with fibers dissected from vector. To generate a heritable ppk11 RNAi construct, 500 bp of unscented dental floss. The rod and tail of the larvae were placed antisense sequence followed by 500 bp sense sequence to the in a 100 mM KCl solution, taking care to avoid contact of the larvae PPK11 N-terminal portion of the cDNA was constructed in the pUhead with the solution. A silver chloride reference electrode was AST vector. The ppk19 RNAi construct contained a 713 bp antisense connected to the larval body through KCl solution. The recording sequence to the C-terminal region followed by 359 bp of the sense electrode was a glass pipette filled with the test salt 10 mM KCl (we sequence to the same C-terminal region; this allowed a linker seused KCl because it gave the best signal-to-noise ratio). This pipette quence between the sense and antisense sequences. served as both a stimulating and recording electrode. Voltages between reference and recording electrodes (Axopatch-1D, Axon InReal-Time PCR struments) were filtered at 100-10,000 Hz and digitized. The sammRNA from the various genotypes was collected from ten third pling interval was 100 s. Data were displayed using p-Clamp7.0 instar larvae and treated with DNase (Invitrogen, Inc.) to reduce software. For action potentials to be counted, they were required contamination from genomic DNA. The method for real-time PCR to be clearly larger than the baseline noise level and biphasic. Examifollowed a standard protocol (Applied Biosystems, Roche). PCR nation of multiple traces showed that salt elicited at least two types primers and probe were designed to a region coding the N terminus of spikes. Although we consistently observed smaller amplitude of PPK11 and extending from nucleotide 63 to nucleotide 130 as spikes in elav ϫ ppk11.24 DN and elav ϫ ppk11 dsRNA.6 crosses, only follows: the primers were 5Ј-CCTGAGGCCCAAACAATCA and 5Ј-the frequency response was evaluated. In addition to the response AAGAAGCCAAATGAAAGAGCCA, and the probe was targeted to to 10 mM KCl, it is possible that these extracellular multiunit re-5Ј-TCAAATGCCAGCCACTTCGCGTTT.
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